Abstract-Aortic pulse wave reflects cardiovascular status, but, unlike the peripheral pulse wave, is difficult to be measured reliably using noninvasive techniques. Thus, the estimation of aortic pulse wave from peripheral ones is of great significance. This study proposed an adaptive transfer function (ATF) method to estimate the aortic pulse wave from the brachial pulse wave. Aortic and brachial pulse waves were derived from 26 patients who underwent cardiac catheterization. Generalized transfer functions (GTF) were derived based on the autoregressive exogenous model. Then, the GTF was adapted by its peak resonance frequency. And the optional peak resonance frequency for an individual was determined by regression formulas using brachial systolic blood pressure. The method was validated using the leave-one-out cross validation method. Compared with previous studies, the ATF method showed better performance in estimating the aortic pulse wave and predicting the feature parameters. The prediction error of the aortic systolic blood pressure and pulse pressure were 0.2 ± 3.1 and −0.9 ± 3.1 mmHg, respectively. The percentage errors of augmentation index, percentage notch amplitude, and ejection duration were −2.1 ± 32.7%, 12.4 ± 9.2%, and −2.4 ± 3.3%, respectively.
I. INTRODUCTION
C ENTRAL aortic pulse wave is more informative about cardiovascular status and, thus, provides greater clinical value over peripheral pulse waves [1] - [4] . However, it cannot be readily obtained accurately and reliably using a noninvasive technique, thus its application in clinical practice is limited. On the other hand, pulse waves at peripheral sites are noninvasively available. Thus, it is natural to consider estimating the aortic pulse wave using peripheral pulse waves.
One way is to use the carotid pulse wave as a surrogate [5] , [6] . However, this method is limited by the inconvenient measurement of carotid pulse wave. In addition, despite the similarity of the aortic and carotid pulse wave, the amplitude of the augmented pressure wave in the ascending aorta is much higher than that in the carotid artery [7] , [8] , which affects the calculation precision of some cardiovascular parameters like the augmentation index (AI).
Another way is to simulate the relationship between central and peripheral pulse waves. The most commonly used is the generalized transfer function (GTF) method. Chen et al. [9] evaluated the validity of using an inverse aortic-radial model to estimate the aortic pulse wave. Fetics [11] extended Chen's study by presenting a comparison between the direct radialaortic model and the inverse aortic-radial model. Pauca [10] evaluated a commercially available device (SphygmoCor, AtCor, Australia) which employed the GTF method to estimate the aortic pulse wave. However, the GTF method does not account for the intersubject or intrasubject variability of the transfer function (TF). Stok [12] employed two second-order filters for the estimation and adapted its resonance frequency for each individual. However, these two filters did not fit the true GTF well enough especially at frequency bands near 0 Hz. Subjectspecific methods [13] - [16] were proposed in recent years, but were unfortunately rarely used in clinical practice. This paper aims to propose a novel method using adaptive transfer function (ATF) to estimate the aortic pulse wave.
II. METHODS
For a higher accuracy of modeling, a preprocessing procedure including denoising, detrending, and normalization should be and H a2 , respectively. Then, the normalized aortic pulse wave (detrended) and the trend were obtained by applying H a2 and H a1 to the brachial pulse wave, respectively. Then, the desired aortic pulse wave was derived by calibrating the normalized aortic pulse wave to the trend. In detail, in the modeling procedure, two TFs named H i1 and H i2 were firstly created from each data set. As shown in Fig. 1(a) , H i1 was derived directly from the denoised data, and H i2 was derived using the normalized data. Next, all the derived H i1 and H i2 were averaged to create GTFs H g 1 and H g 2 , respectively. Finally, the two GTFs were adaptively adjusted to derive ATFs H a2 and H a1 . As shown in Fig. 1(b) , when estimating the aortic pulse wave, the brachial pulse wave with trend and the one detrended were obtained in the same way as in the modeling procedure. And the desired aortic pulse wave was reconstructed by applying H a2 to the brachial pulse wave (with no trend) and calibrated to the foot and mean of the H a1 -reconstructed aortic pulse wave (with trend). The calibration procedure using the H a1 -estimated aortic pulse wave is the inverse of the normalization procedure.
A. Data Collection
26 patients who underwent cardiac catheterization at the First Hospital of China Medical University were enrolled for this study. There were 10 men and 16 women at the ages ranging from 29 to 78 years old (mean ±SD, 57 ± 12 years). Informed consents were obtained in all subjects. This study was approved by the Sino-Dutch Biomedical and Information Engineering School, Northeastern University, Shenyang, China. Detailed clinical characteristics of the subjects are given in Table I . To better test the existence of a stable aorta-brachial relationship and the accuracy of the TF-based approach, invasive data measured using pressure wires were used. The aortic and brachial pulse waves were recorded by two micromanometers, which were placed in the ascending aorta and the brachial artery, respectively. As the frequency components of both central and peripheral arterial pulse waves are under 30 Hz [17] , and higher frequency sampling frequency brings in more highfrequency components which affects the accuracy of modeling, the data were digitized at 100 Hz.
B. Data Preprocessing
In this part, the prefiltering and data segmentation procedures were employed for the derivation of both H i1 and H i2 . While the detrending and normalization procedures were only used for the derivation of H i2 as shown in Fig. 1 .
In order to eliminate the high-frequency noise, the data were smoothed by a fourth-order Butterworth low-pass filter. As the frequency components of the pulse wave are mainly less than 10 Hz [17] , the cutoff frequency of the filter was set to 15 Hz. M  44  173  85  67  141  143  2  84  82  -2  26  M  29  174  100  79  182  185  3  118  121  3  Mean  57  165  68  73  145  153  8  78  79  1  SD  12  7  11  11  22  22  5  11  12  3 HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; SBP a o and SBP b r are the measured aortic and brachial SBP, respectively; DBP a o , and DBP b r , are the measured aortic and brachial DBP, respectively; , pressure difference between the brachial artery and the aorta; SD, standard derivation.
As BP of an individual fluctuates, low-frequency trend is contained in the pulse wave signal. This low-frequency trend, together with the low-frequency drift caused by respiration, motion artifact, and neural regulation, influences the modeling accuracy by reducing the weights of other frequency components during parameter calculation using least squares method. The low-frequency trend was removed by applying a seventhorder wavelet decomposition to the pulse signal, eliminating the approximation coefficients [18] . To equate the mean and diastolic pressures in brachial and aortic pulse waves, and also, to further eliminate the influence of the beat-to-beat pulse wave change on the calculation of model parameters, the pulse wave was normalized in amplitude, with the mean to zero and the foot to −1.
Data length significantly influences the accuracy of modeling, for too long a series of data may cause information-saturation, whereas too short a series of data may poorly describe the system dynamics. Thus, each dataset was divided into one to five groups of 2000 sampling points each. Several TFs were derived from the data segments and then averaged.
C. Derivation of the GTF
An autoregressive exogenous (ARX) model [19] was used in this study, which is expressed as
where k is the time delay between input u and output y, ε is the residual error between the estimated and actual output. n a and n b are the number of a i and b j coefficients of the model, respectively. In this paper, they were both set equal to the model order. Time delay k was set to zero and the aortic and brachial pulse waves were shifted together for convenience. The parameters a i and b j were determined by minimizing the ε(t) using the least-squares estimation method [19] . As aforementioned, the data series recorded from each subject was divided into several segments, thus the parameters were calculated from all segments and then averaged.
D. Model Order Determination
Model order is a determinant of the performance of the system. Too high a model order may bring in extra interference, whereas too low an order may be not enough for describing a certain system. In this paper, Akaike's Final Prediction Error (FPE) [19] was used as a criterion to choose the appropriate order for the model. The FPE ε F is calculated as follows:
where n a and n b are the numbers of coefficients a i and b j , respectively. N is the length of data. L is the loss function: The FPE derived from the H i2 based on different orders of 26 subjects are shown in Fig. 2 . The FPE shows no evident change when model order ranges from 10 to 30, whereas comparatively larger FPE is shown in small model orders (especially 4 and 5). Considering this, along with the fact that too high a model order may bring in high-frequency noise, the order was set to 10.
E. Derivation of the ATF
Several parameters of the brachial pulse wave as well as features of each individual TF derived by the ARX method were calculated. The calculated parameters of the brachial pulse wave include systolic (SBP), diastolic (DBP), pulse (PP) and mean (MBP) BPs, heart rate (HR), cardiac output (CO), stroke volume (SV), and form factor (FF). CO and SV were calculated using the pressure-recording analytical method, which is solely based on the peripheral pulse wave and does not require any prior calibration [20] - [22] . As suggested [20] , [21] , the sampling rate of the brachial pulse wave was increased to 1000 Hz by interpolation for a better accuracy in the calculation of CO and SV. The key features of the TF include magnitude at 0 Hz and both magnitude and frequency of the first peak. The relationship between the parameters of the brachial pulse wave and the features of the TF is calculated. SBP is shown to be significantly associated with the peak resonance frequency of both the undetrended TF and the detrended TF (r = 0.59, p < 0.01 and r = 0.63, p < 0.001, respectively). A significant correlation between MBP and the peak resonance frequency of both the undetrended TF and the detrended TF (r = 0.59, p < 0.01 and r = 0.57, p < 0.01, respectively) was also found. However, compared with MBP, SBP correlates better with the detrended TF. In addition, brachial SBP is directly available using cuff method. Thus, the GTF was adaptively adjusted by shifting the peak resonance frequency according to the SBP of a specific individual. The regression formulas used to predict peak resonance frequencies from SBP P s are:
where F p1 and F p2 are the target peak resonance frequencies of the undetrended TF and the detrended TF, respectively. α and β are 0.012 and 0.038 Hz/mmHg, respectively. τ 1 and τ 2 are 2 and −1.7 Hz, respectively. As shown in Fig. 3 , solid line indicates the GTF, while dotted line indicates the desired ATF. A and B indicate the peaks of the desired ATF and the GTF, respectively. m and n are the peak resonance frequencies of the desired ATF and the GTF, respectively. To shift n to m (B to A), C-B segment was compressed on frequency-axis yielding C-A segment, and similarly, B-D segment was stretched on frequency-axis yielding A-D segment.
F. Prediction Evaluation
To further evaluate the predictive performance of the proposed method, differences between the estimated and measured aortic pulse waves were evaluated. Several cardiovascular parameters were extracted from both the estimated and measured aortic pulse waves and then were compared. As shown in Fig. 4 , SBP and DBP are defined as the amplitude of the peak and foot of the pulse wave, respectively; PP is defined as the difference between the SBP and DBP; ejection duration (ED) is defined as the difference between the foot and the notch point in time; AI is calculated as ratio of the late systolic boost (amplitude difference between the peak and the inflection point) in the aortic pressure wave and PP [17] . Percentage notch amplitude (pctP n ), defined as the difference between the notch point and foot in amplitude divided by PP, was also included in performance evaluation.
When obtaining parameters from the pulse waves, 100 Hz digitization rate is far from sufficient, especially in determining the inflection point (which locates at the sharp upstroke of systolic duration). Thus, in order to obtain comparatively more accurate parameters, the measured and estimated aortic pulse waves were both interpolated by a factor of 10 before parameter calculation. The pulse waves were averaged using the ensemble average method. Feature parameters were then calculated from the average pulse wave. Prediction errors were calculated as the difference between the estimated and measured parameters.
In order to avoid overfitting, and give a better insight on how well the model will generalize outside the dataset, leave-oneout cross-validation method was used in the validation of the proposed method.
The performance of this proposed method was compared with those of previous works by Chen [9] , Fetics [11] , and Im [23] , and also with the N-Point Moving Average (NPMA) method, which was proposed by Williams [24] to estimate the central BPs from the radial pulse wave. This method was validated by Shih [25] to predict the aortic BP from the brachial pulse wave. The window width of the NPMA filter used in this paper is fs/6 (where fs is the sampling rate of the pulse signal) as was used in Shih's study [25] . Fig. 5 shows the two GTFs H g 1 and H g 2 . Increasing variations of H g 1 and H g 2 are obviously shown with frequency ranging from 0 Hz to the peak resonance frequency. The spectra of H g 1 and H g 2 show no obvious difference from 0 to 4 Hz except that the amplitude at 0 Hz is greater than 1 for H g 1 , and less than 1 for H g 2 . The location and the amplitude of the spectra peaks are similar, with the peak amplitude of H g 1 1.86 at 4.7 Hz and H g 2 2.09 at 4.4 Hz. Another difference between H g 1 and H g 2 is that obvious inflection points are shown at 6-8 Hz in the spectral plot of H g 2 , but not H g 1 . Fig. 6 shows an example of the comparison among the measured brachial, measured aortic, and estimated aortic pulse waves. The estimated aortic pulse wave is similar to the measured aortic pulse wave. While the brachial pulse wave shows obvious difference against both the measured and estimated aortic pulse waves.
III. RESULTS

A. Characteristics of TFs
B. Evaluation of TFs
Figs. 7 and 8 show the Bland-Altman analysis of the measured and predicted aortic SBP and PP as well as of the measured brachial and aortic SBP and PP. The prediction error of SBP and PP are 0.2 ± 3.1 and −0.9 ± 3.1 mmHg, respectively. Whereas the difference between brachial and aortic SBP is 7.5 ± 5.4 mmHg and the difference between brachial and aortic PP is 6.2 ± 5.5 mmHg. The Bland-Altman analysis in Fig. 9 shows that the prediction error of AI ranges from −29.3% to 16.1%, whereas AI ranges from about 16.2% to 55.5%. The percentage error of AI is −2.1 ± 32.7%. Fig. 10 shows the comparison between the predicted and the measured pctP n . The percentage error of the pctP n is 12.4 ± 9.2%. The range of the pctP n error is (−2.7, 17.6) %, whereas the average of the predicted and the measured pctP n ranges from 53.8% to 79.3%. Fig. 11 shows comparison between the predicted and measured ED, with a percentage error of −2.4 ± 3.3%. Table II summaries the performance of the ATF method compared with three previous studies (by Chen [9] , Fetics [6] , and Im [23] ) and the NPMA method [25] . The estimation performance of the proposed method in SBP is similar with Chen's, Fetics', and the NPMA method, and is better than Im's method. The proposed method shows similar performance with Chen's and the NPMA method, but much better performance over Im's method. The performance of AI calculation is much better than Chen's and Fetics' method, and is similar with Im's method. And the performance of ED calculation is also much better than Fetic's method [11] .
IV. DISCUSSION AND CONCLUSION
This study proposed an ATF method and assessed its feasibility of in estimating the aortic pulse wave from the brachial pulse wave. For both H g 1 and H g 2 , interpatient variability is low in lower frequency band, but increases from 0 Hz to the peak resonance frequency and then stays stable. However, as the amplitude of the GTFs decreases from the peak resonance to 10 Hz, the variability of the inverse GTFs which are applied to the brachial pulse wave increases at this frequency band. The reason might be that the stiffness of blood vessel varies among subjects, and the forward wave meets the reflected wave at different times in a cardiac cycle, leading to the difference among subjects in the shape of the pulse wave and also in the locations of inflection point and notch point in both time and amplitude axis. Both H g 1 and H g 2 at 0 Hz do not equal 1. One reason for H g 1 at 0 Hz not equaling 1 is that the means of the brachial and aortic pulse waves based on which H g 1 was derived are not rigorously equal. Another reason for either H g 1 or H g 2 at 0 Hz not equaling 1 might be that the ARX model is an approximation of the relation between brachial and aortic pulse waves. In addition, another reason might be the use of the least squares method to calculate the coefficients of the ARX model.
The prediction errors of BPs are acceptable (SBP error, 0.2 ± 3.1 mmHg; PP error, −0.9 ± 3.1 mmHg). In addition, PP error correlates well with SBP error (r = 0.83, p < 0.0001), which means that the accuracy of PP estimation is greatly dependent on the accuracy of SBP estimation. This corresponds well with the fact that DBP error is small (1.1 ± 1.8 mmHg). Large SBP and PP errors might be caused by the interpatient variance in some frequency components.
The predictions of AI and pctP n show poor performance (AI percentage error, −2.1 ± 32.7%; percentage error of pctP n , 12.4 ± 9.2%). The main reason might be that accurate calculation of AI is more dependent on the high-frequency content (ࣙ 8 harmonics) [9] and the interpatient variability of the TF appears to be larger at those frequency bands than at lower frequencies (as shown in Fig. 5 ). The peak resonance frequency of TFs varies within the range of much lower than 8 Hz. Thus, the adjustment of TFs can hardly account for the intervariability of TFs over 8 Hz. And another reason for the inaccurate prediction of AI is that the inflection point occurs in the sharp upstroke or down-stroke of the aortic pulse wave and is sometimes nearly invisible, which leads to AI calculation error in both estimated and measured aortic pulse waves. The prediction of ED is acceptable (percentage error, −2.4 ± 3.3%), which is because that ED is a parameter in time axis and is, thus, less affected by the sharp upstroke or down-stroke.
In clinical use, calibration error is a common problem when estimating central aortic pulse wave from the peripheral one. Our method does not suffer the pressure difference between the peripheral artery site employed and the artery, where the peripheral BP is measured. However, our method is still affected by the error of BP measurement. Future work is needed to improve the accuracy of noninvasive BP measurement.
The ATF method can reliably and accurately estimate the aortic pulse wave using the brachial pulse wave as well as some parameters like SBP, DBP, PP, and ED. However, more future work should be done to improve the accuracy of high-frequency part and its related parameters like AI. Subject-specific physical model, with easily acquiring parameters, is maybe optional.
